Rationale: Calcium entry is pivotal in the heart and blood vessels, but its significance and mechanisms in adipose tissue are largely unknown. An important factor produced by adipocytes is adiponectin, which confers myocardial protection, insulin-sensitization, and antiatherosclerotic effects.
A dipocytes are sites for metabolism, storage, and effects of fatty acids. The cells are also pivotal in generating the endocrine organ of adipose tissue, which impacts on whole body metabolism and inflammation through secretion of adipokines. 1 A key adipokine is adiponectin, which is antiinflammatory, insulin-sensitizing, and protective against atherosclerosis and myocardial decline. 2 Decreased concentrations of adiponectin occur in obesity-induced insulin resistance and are associated with endothelial dysfunction, diabetes, and hypertension. Diminished adiponectin secretion from adipose tissue of human coronary arteries has been suggested to be an initiator of atherosclerosis. 3, 4 In This Issue, see p 151
The concentration of free cytoplasmic calcium (Ca 2ϩ ) and the amplitude and rhythmicity of its fluctuations have primary importance in a plethora of cell types. 5 For many cells there has been extensive study of intracellular Ca 2ϩ signals, including investigation of the plasma membrane ion channels that directly permit Ca 2ϩ influx or control Ca 2ϩ influx indirectly. There is, by contrast, relatively little known about Ca 2ϩ -signaling in adipocytes, despite its suggested importance. 6, 7 A major class of Ca 2ϩ -permeable channels is formed by transient receptor potential (TRP) proteins, which are en-coded by 28 genes in mammals. 8, 9 The proteins span the plasma or intracellular membranes, assembling around central ion pores as homo-or heteromultimers to allow influx of cations such as Ca 2ϩ and Na ϩ . The proteins are classified into subfamilies based on amino acid sequence; one of these is the canonical subfamily, which contains 6 members in humans (transient receptor potential canonical [TRPC]1, 3 -7) . Unlike many other ion channels, they are not voltage-or neurotransmitter-gated. Instead, they couple relatively slow chemical and physical activators to intracellular Ca 2ϩ -signaling. Activator chemicals include dietary factors such as capsaicin, which activates TRPV1, and menthol which activates TRPM8. 10 Several TRP channels are expressed, albeit not exclusively, in sensory neurones, supporting the concept of TRP channels as mechanisms by which animals detect external chemical signals. 9 Although there is potential for importance of chemical-sensing ion channels in adipocyte biology, there are only 2 reports on TRP channel function in this context, both addressing TRPV1: One of the reports suggested function of TRPV1 in preadipocytes, whereas the other suggested no function in preadipocytes or adipocytes but a role in sensory nerves of adipose tissue. 11, 12 Here we sought Ca 2ϩ channels that are important in adipocyte function and have potential relevance to cardiovascular health and disease. The investigation highlights TRPs from the canonical subfamily.
Methods
An expanded Methods section is provided in the online-only Data Supplement.
Human and Mouse Tissues
See the online-only Data Supplement.
Transgenic Mice
Dominant negative TRPC5 mutant (DNT5) cDNA was cloned into the pTRE vector from Clontech (Online Figure I) . After AseI restriction digestion transgene was purified and microinjected into the pronucleus of C57BL/6 mouse embryos (MRC Harwell). Double transgenics were generated by breeding with mice carrying transgene encoding reverse tetracycline transactivator (rtTA) at the ROSA26 locus. 13 ROSA 26 mice were provided by G. Belteki, J. Haigh, and A. Nagy. Male animals were weaned onto high-fat diet (lard, fat calories 60%; BioServ) at 3 weeks of age; 5 weeks later, animals were supplied with doxycycline (1 mg/mL and 2% sucrose in the drinking water); 1 week later, animals were culled and blood/tissue samples removed for analysis. All procedures were carried out with ethical approval under UK Home Office license.
Cell Culture and Transfection
HEK 293 cells stably expressing human TRPC5 under a tetracycline inducible promoter and expression of TRPC1 using FuGene HD (Roche, UK) have been described. 14 The 3T3-L1 cell line was obtained from the American Type Culture Collection and cultured in DMEM-F12 containing 10% fetal calf serum, 100 U/mL penicillin, and 100 g/mL streptomycin. To induce differentiation, cells were grown to confluence and 2 days postconfluence, the medium was changed to medium containing 5 g/mL insulin, 0.25 mole/L dexamethasone, and 0.5 mmole/L IBMX with 10% fetal calf serum and antibiotics. After 48 hours, medium was changed to medium containing 5 g/mL insulin, 10% fetal calf serum, and antibiotics. Cells were fed with fresh maintenance medium every 2 days until the day of experiments. Cells were differentiated for 12 to 16 days. Accell short-interfering RNA (siRNA) delivery was according to the manufacturer's protocol (Dharmacon, UK). siRNA sequences are in Online Table I . For investigation of adipocytes from mice, preadipocytes were isolated using methods adapted from previous studies. 15 Epididymal fat pad was dissected and digested in collagenase II (500 g/50 mg tissue) for 1 hour at 4°C and 2 hours at 37°C and then centrifuged at 200 g for 10 minutes. The pellet was dissolved in erythrocyte lysis buffer, 15 filtered, and centrifuged again. Preadipocytes were cultured and differentiated as described for 3T3-L1 cells but, in addition, all media contained 5 g/mL doxycycline. Cells were differentiated for 9 days. For Ca 2ϩ measurement, cells were plated on fibronectin-coated glass bottom dishes (Fluorodish, World Precision Instruments, USA).
Intracellular Ca 2؉ Measurement and Electrophysiology
3T3-L1 cells were plated in 96-well biocoat plates (Corning) to 80% to 90% confluence for 24 hours. Prior to recordings, cells were incubated for 1 hour at 37°C in 4 mole/L fluo-4AM in standard bath solution containing (mmole/L): 140 NaCl, 5 KCl, 1.2 MgCl 2 , 1.5 CaCl 2 , 8 glucose, and 10 HEPES titrated to pH 7.4 using NaOH. Cells were washed for 0.5 hours in standard bath solution at 37°C. Except for measurements from mouse adipocytes, recordings used the FlexStation II in 96-well mode (Molecular Devices, USA). Mouse adipocytes were studied using a Nikon Eclipse TE2000 microscope equipped with a 40 ϫ objective and confocal fluorescence system (Thorlabs, Sterling, VA). Images from approximately 20 cells per dish were collected using ThorImageLS (Thorlabs) and analyzed using ImageJ software. Consistent with a previous report, 16 a fluorescence artifact between fura-2 and the lipid droplets of mature adipocytes prevented ratiometric Ca 2ϩ measurements. Therefore, the nonratiometric fluo-4 Ca 2ϩ indicator was used with 3T3-L1 cells or mouse adipocytes. Fluo-4 was excited at 485 nm (FlexStation) or by a 488-nm laser (microscope), and emission was collected at 525 nm. Experiments were at room temperature (21Ϯ2°C). For HEK 293 cells, the protocol was similar except fluo-4AM was used with 0.01% pluronic acid and 2.5 mmole/L probenecid, or 2 mole/L fura-2AM was used. Fura-2 was excited at 340 and 380 nm and emitted light was collected at 510 nm; intracellular Ca 2ϩ was indicated by the ratio of emission intensities for the excitation wavelengths. For electrophysiology methods, see the online-only Data Supplement.
Adipokine Measurement
3T3-L1 cells were differentiated in 6-well plates. On day 12, cells were serum-starved for 24 hours and then treated with dialyzed anti-TRPC1 (T1E3) and/or anti-TRPC5 (T5E3) antisera for 24 hours. For ␣-linolenic acid (lino) treatment, cells were incubated with 50 mole/L lino or its vehicle (0.5% DMSO). After 24 hours, the supernatant was collected and centrifuged at 1000 rpm for 10 minutes. Full-length adiponectin and soluble leptin were measured using ELISA kits (R&D Systems, UK). For organ cultures, epididymal fat tissue was harvested from 8-to 12-week-old male C57BL/6 mice and about 0.5 cm 3 pieces were kept in DMEM-F12 containing 10% fetal calf serum, 100 U/mL penicillin, and 100 g/mL streptomycin for 24 hours. The tissues were treated with agents (as in 
Chemicals and Antibody Reagents
All chemicals were from Sigma (UK) except for fura-2AM and fluo-4AM (Invitrogen) and the fatty acid library (Biomol, Enzo Life Sciences, UK). For functional antibody experiments cells were pretreated with anti-TRPC1 T1E3 (1:500) or anti-TRPC5 T5E3 (1:100) antisera with or without preadsorption to the relevant antigenic peptide (10 mole/L). 14 T1N1 was custom-made rabbit anti-TRPC1 antibody targeted to intracellular N-terminal sequence (EVMALKDVREVKEENTC) of TRPC1. Dialyzed antisera were diluted in DMEM medium and incubated with cells for 2 to 3.5 hours at 37°C prior to recordings. Chemical identity and purity of ␣-linolenic acid was confirmed by liquid chromatography-mass spectrometry.
Data Analysis
Data were collected in control and test pairs, expressed as meanϮSEM and compared statistically using Student's t-tests; n is the number of independent experiments and N is the number of wells in multi-well assays (when only N is stated, the data are from one 96-well plate). Probability (P) Ͻ0.05 (*) indicates statistically significant difference; n.s. indicates no significant difference. All results were from at least 3 independent experiments. Origin software was used for data analysis and presentation.
Results

TRPC1 and TRPC5 Are Expressed When Adipocytes Mature
As a first step toward elucidating ion channel types that are important in adipocytes we performed an unbiased screen to identify ion channel transcript expression that upregulates on maturation of preadipocytes to adipocytes. As a basis for the screen, we chose mouse 3T3-L1 cells that have been extensively characterized as a model of in vivo adipocytes and can be compared in 2 groups: preadipocytes and differentiated mature adipocytes. Appropriate differentiation of the cells was validated by Oil-red O staining and expression of the adipocyte markers PPAR␥, aP2, adiponectin, and leptin (Online Figure II) . Total RNA was isolated from each group of cells and ion channel expression was investigated in microfluidic PCR array cards representing 185 ion channel genes. Expression of 51 ion channel genes was indicated. Of these, 18 are known to confer Ca 2ϩ -permeability and 6 are TRPs; the most highly upregulated in adipocyte maturation was TRPC1. TRPC mRNAs were therefore investigated in independent quantitative RT-PCR reactions. Expression of TRPC1 mRNA was confirmed and TRPC5 mRNA was also detected, whereas mRNAs encoding TRPC3-TRPC4/TRPC6 to TRPC7 were not detected ( Figure 1A ; Online Figure III) . Notable was the marked upregulation of TRPC1 (15.5 times) and TRPC5 (36.9 times) mRNAs as the cells differentiated ( Figure 1A and 1B ). TRPV4 and TRPP2 mRNAs were also detected on the array card and are potentially relevant, but neither was upregulated on differentiation (Online Figure III) . Western blotting and immunostaining were used to investigate TRPC1 and TRPC5 proteins. Neither protein was detectable in undifferentiated 3T3-L1 cells but both were expressed after differentiation ( Figure 1C ). Similarly, immunofluorescence experiments showed that TRPC1 and TRPC5 were expressed on differentiation ( Figure 1D ; Online Figure  IV) . These TRP proteins were not only expressed in 3T3-L1 cells but also in native mature adipocytes of mice and humans. In mice, TRPC1 and TRPC5 mRNAs were detected in native epididymal fat ( Figure 1E ). We also investigated perivascular fat because it is considered to be crucial in atherosclerosis. 3 TRPC1 and TRPC5 were detected in perivascular fat of the mouse aorta (Online Figure V) . To investigate perivascular fat in humans, we obtained internal mammary artery during coronary artery bypass surgery. TRPC1 and TRPC5 mRNAs ( Figure 1F ) and proteins ( Figure  1G ) were detected and localized to adipocytes ( Figure 1H ). The data suggest that expression of TRPC1 and TRPC5 is induced in mature adipocytes and relevant to endogenous fat of mice and humans, including perivascular fat.
TRPC1 and TRPC5 Confer Constitutive Calcium Entry in Adipocytes
To investigate if TRPC1 and TRPC5 are functionally relevant we performed intracellular Ca 2ϩ measurements. Differentiated 3T3-L1 cells showed higher basal fluo-4 signal ( Figure  2A ), which depended on extracellular Ca 2ϩ ( Figure 2B ), suggesting the presence of constitutively active Ca 2ϩ entry channels. Moreover, whole-cell patch-clamp recordings revealed larger basal currents in differentiated 3T3-L1 cells ( Figure 2C ). We tested the effect of extracellular lanthanum ions (La 3ϩ ) because a distinguishing feature of TRPC5containing channels is that they may be stimulated by lanthanides such as La 3ϩ or gadolinium (Gd 3ϩ ). 16 Consistent with the presence of functional TRPC5-containing channels, La 3ϩ stimulated Ca 2ϩ -entry in differentiated 3T3-L1 cells (Figure 2A , 2B, and 2D). Another unusual property of TRPC5 is that it is stimulated by the PPAR␥ agonist rosiglitazone but not by a related thiazolidinedione pioglitazone and only slightly but not significantly by troglitazone. 17 In differentiated 3T3-L1 cells, rosiglitazone stimulated Ca 2ϩ entry whereas pioglitazone had no effect, and troglitazone caused a delayed increase in Ca 2ϩ (Figure 2E , F).
To investigate more directly if Ca 2ϩ signals related to TRPC1 and TRPC5, we used antibodies that target extracellular peptides in TRPC1 or TRPC5 and acutely inhibit channel function. 14, 18 Antibody to either TRPC1 or TRPC5 suppressed constitutive and La 3ϩ -or rosiglitazone-evoked Ca 2ϩ signals in differentiated 3T3-L1 cells ( Figure 2G-2J ). There was a trend toward anti-TRPC5 antibody having a greater effect, compared with anti-TRPC1 antibody, on the rosiglitazone response ( Figure 2J ). Control antibody targeted to the N-terminus of TRPC1 (which is intracellular and therefore not accessible to extracellular agents) had no effect ( Figure 2H and 2I) . The anti-TRPC blocking antibodies had no effects on ATP-evoked Ca 2ϩ -release, consistent with them being specific ( Figure 2K ).
The data suggest that ion channels containing both TRPC1 and TRPC5 generate constitutive Ca 2ϩ entry that is upregulated in differentiated 3T3-L1 cells. The channel activity may be further enhanced by La 3ϩ or rosiglitazone.
Identification of Negative Impact on Adiponectin
To investigate whether there is a relationship of TRPC1 and TRPC5 channels to adiponectin, we first incubated differentiated 3T3-L1 cells with blocking antibodies targeted to TRPC1 or TRPC5. Anti-TRPC1 or anti-TRPC5 antibody enhanced the generation of adiponectin ( Figure 3A) . As an independent test, differentiated 3T3-L1 cells were transfected with siRNAs to knock-down TRPC1 and TRPC5 expression. Cellular delivery of siRNAs by standard transfection methods was inefficient but cell-permeable Accell siRNA achieved 70% to 90% knock-down (Online Figure VI) . Combined knock-down of TRPC1 and TRPC5 increased adiponectin generation ( Figure 3B ). There was less effect compared with the blocking antibodies ( Figure 3B compared with 3A) , possibly because the antibodies inhibited the channels more effectively than the siRNA. To investigate the relevance of the channels to native adipocytes, organ-cultured mouse fat tissue was incubated with anti-TRPC blocking antibodies, and again there was increased adiponectin ( Figure 3C ). Addition of both antibodies together did not generate a significantly greater effect than either antibody alone ( Figure  3C ). The antibodies had less effect than in 3T3-L1 cells ( Figure 3C compared with 3A) , which may reflect inadequate penetration of the tissue by antibodies. Collectively the data suggest that channels comprising TRPC1 and TRPC5 impact negatively on the generation of adiponectin.
Regulation of Adiponectin In Vivo
To determine the relevance of the above findings to endogenous channels in vivo we used a dominant negative (DN) ion pore mutant of TRPC5 (DNT5) to engage with and disrupt channel complexes that can accept TRPC5 ( Figure 3D ; Online Figure I) . 18, 19 The specificity of DNT5 was validated by showing its lack of effect on Ca 2ϩ entry through TRPM2 or TRPM3 channels or K ϩ efflux through endogenous K ϩ channels (Online Figure I) . DNT5 was therefore generated as an in vivo transgene for global inducible expression in the adult mouse (Online Figure I) . Expression depended on doxycycline-regulation of an additional coexpressed transgene encoding rtTA from the ROSA26 locus, which confers broad expression across multiple cell types. 13 As predicted, DNT5 expression occurred in adipose tissue of doxycyclinetreated double transgenic mice but not doxycycline-treated single transgenics or mice carrying neither transgene (con- intracellular Ca 2ϩ responses by anti-TRPC1 blocking antibody (T1E3) and anti-TRPC5 blocking antibody (T5E3) compared with controls of antibodies preadsorbed to antigenic peptide (ϩpep) (n/Nϭ3/24, n/Nϭ3/20). T1N1 was a different antibody targeted to TRPC1 N-terminus that did not block the channel (n/Nϭ3/12). J, Mean data normalized to controls showing suppression of rosiglitazone-evoked Ca 2ϩ responses by T1E3 and T5E3 compared with the controls of antibodies preadsorbed to antigenic peptides (ϩpep) (n/Nϭ3/9, n/Nϭ3/9). K, Mean data for responses to extracellular 100 mole/L ATP, showing no effects of T1E3 and T5E3 (nϭ3 for each).
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Adipocyte TRPC Channels Regulate Adiponectin trols) or noninduced double transgenics ( Figure 3E ). Expression of DNT5 suppressed rosiglitazone-evoked Ca 2ϩ entry by 62% in adipocytes from the mice ( Figure 3F) , and so DNT5 acted as we expected. Because of the association of TRPC5-containing channels with adversity, 8 we studied mice that were either fed chow diet or high-fat diet for 6 weeks, the latter inducing expression of inflammatory indicators (Online Figure VII) but not obesity. In each litter there was a mixture of genotypes: double transgenics (DNT5ϩrtTA), single transgenics (DNT5 only or rtTA only), and mice carrying neither transgene. At 8 weeks of age, doxycycline was administered to all of the mice for 1 week. Double transgenic (DNT5, test) and single transgenic and no transgene (controls) mice were compared. No differences in weight or well-being of the mice in each group were observed. However, in chow-fed and fat-fed mice, DNT5 significantly increased the circulating adiponectin concentration without affecting leptin ( Figure 3G and 3H) . In the fat-fed mice, insulin was measured and found to be unchanged by DNT5 (PϾ0.05, data not shown). Further details are provided in the online-only Data Supplement. To test if the effect on adiponectin arose because of an effect of DNT5 on adipose tissue, we excised the tissue from mice expressing double (DNT5) or single (controls) transgenes and analyzed the supernatant after organ culture. The adiponectin was significantly higher in the DNT5 group ( Figure 3I) .
The data suggest that constitutive Ca 2ϩ entry through TRPC1/TRPC5-containing channels suppresses the generation of adiponectin by adipose tissue in vivo.
TRPC Inhibition by Dietary Fatty Acids
We hypothesized that TRPC1/TRPC5-containing channels might act as sensors of chemical factors that are important in adipocyte biology and coronary artery disease. We therefore screened for novel activators or inhibitors of the channels, first testing chemicals against signals arising from TRPC5 expressed alone in HEK 293 cells.
Using an intracellular Ca 2ϩ indicator as the read-out of channel function, 66 fatty acids (Online Tables III and IV) were screened against TRPC5. A 2-step addition protocol first delivered the fatty acid and then the TRPC5 stimulator, Gd 3ϩ ( Figure 4A ). None of the fatty acids stimulated TRPC5 but 19 had inhibitory effects ( Figure 4A , Online Table III) . A relationship of TRPC5 to anti-inflammatory fatty acids was indicated. Included were dietary -3 fatty acids, lino and docosahexaenoic acid, which are present in oily plants and fish. 20, 21 Inhibitory action of these fatty acids was confirmed in voltage-clamp recordings of membrane current where TRPC5 activity was evoked by Gd 3ϩ (Figure 4B and 4C) and the defining TRPC5 current-voltage relationship (I-V) was observed ( Figure 4D ). Lino inhibited TRPC5 with a threshold at 1 mole/L and IC 50 of 21.5 mole/L ( Figure 4E) , which is in the concentration range achieved after ingestion. 20,21 An- (nϭ3 for each) . B, As for A but the effect of TRPC1 and TRPC5 short-interfering RNA (siRNAs) compared with control siRNA (nϭ3). C, As for A but intact excised fat and including data for both antibodies combined (nϭ4 for each). D, Diagram of the wild-type TRPC1-TRPC5 channel with Ca 2ϩ and Na ϩ permeability (top) and the channel after incorporation of DNTRPC5 (DNT5), which inhibits ion permeability (bottom). E, RT-PCR analysis for mRNA from adipose tissue of mice containing the DNT5 and rtTA transgenes, DNT5 transgene only, rtTA transgene only, or neither transgene (none). The PCR primers were for DNT5 or 18S. Expected product sizes are indicated by arrows. F, Confocal fluo-4 Ca 2ϩ measurements for adipocytes from transgenic mice expressing DNT5 (nϭ4) or controls (nϭ5). G and H, Serum adiponectin and leptin concentrations in mice expressing the DNT5 transgene (nϭ6 and 6 chow-fed, nϭ13 and 9 fat-fed) compared with matched control mice (nϭ9 and 6 chowfed, nϭ11 and 11 fat-fed). I, Adiponectin secreted from fat excised from chow-fed mice, shown for mice expressing DNT5 normalized to controls (nϭ5 each). Controls were litter mates expressing neither transgene, rtTA only, or DNT5 only. See onlineonly Data Supplement for more details. ϩdox, doxycycline; M, DNA marker ladder. other dietary -3 fatty acid, eicosapentaenoic acid, was also an inhibitor of TRPC5 ( Figure 4F and 4G) . Inhibition occurred independently of the type of TRPC5 activator because TRPC5 activity evoked by other, nonlanthanide, agonists was also inhibited ( Figure 4H and 4I ). Resolvin D1, an endogenous substance that is related to the dietary -3 fatty acids, had no effect when applied at the putative physiological concentration of 50 nmole/L ( Figure 4J ). TRPC1 and TRPC5 mix together to form a heteromultimeric channel that has different electrophysiological characteristics compared with TRPC5 alone, showing an almost linear I-V. 14 We therefore investigated if lino inhibited the heteromultimeric channel. Figure 4K-4M show that there was strong inhibition of coexpressed TRPC1-TRPC5.
The data suggest that the dietary -3 fatty acids lino, docosahexaenoic acid, and eicosapentaenoic acid inhibit the TRPC5 homomeric and TRPC1-TRPC5 heteromeric channels.
Inhibition of Endogenous Adipocyte Channels by Fatty Acids
Whole-cell patch-clamp recording from differentiated 3T3-L1 cells revealed a constitutively active ionic current that averaged about Ϫ300 pA at Ϫ80 mV ( Figure 5A) . The I-V of the inhibited current was similar to that of the TRPC1-TRPC5 heteromultimeric channels in HEK 293 cells ( Figure 5B compared with Figure 4 ). The current was inhibited by lino in differentiated but not in undifferentiated 3T3-L1 cells ( Figure 5C ). Anti-TRPC5 antibody suppressed the constitutive ionic current and no effect of lino was seen ( Figure 5D and 5E) , showing that the effect of lino depended on the presence of functional TRPC5-containing channels. The dietary -3 fatty acids also inhibited La 3ϩ -evoked Ca 2ϩ -entry in differentiated 3T3-L1 cells ( Figure 5F ). The fatty acid profile of the Ca 2ϩ signal was similar to that of overexpressed TRPC5 channels ( Figure 5F compared with Figure 4G ). Rosiglitazone-evoked Ca 2ϩ entry in mouse adipocytes was also suppressed by lino (Online Figure VIII) . The data suggest that -3 fatty acids are inhibitors of endogenous TRPC1/TRPC5-containing channels of differentiated 3T3-L1 cells.
Because lino inhibited the TRPC channels, we hypothesized that it should stimulate the production of adiponectin, consistent with prior reports. 22, 23 In support of this, lino enhanced the generation of adiponectin by differentiated 3T3-L1 cells ( Figure 5G ) and adipose tissue excised from wild-type mice ( Figure 5H ). Strikingly, in excised adipose tissue from transgenic mice, lino failed to enhance the generation of adiponectin if it had already been enhanced by DNT5 ( Figure 5I ). The data suggest that the capability of lino to stimulate adiponectin production depended on its ability to suppress Ca 2ϩ entry through TRPC5-incorporating channels.
Discussion
This study gives insight into a Ca 2ϩ entry mechanism of adipocytes. Molecular components, TRPC1 and TRPC5, were upregulated as mature adipocytes formed, leading to constitutively active heteromeric Ca 2ϩ -permeable channels. The arising Ca 2ϩ influx inhibited the generation of adiponectin, without effect on leptin. Most assays showed about 25% increase in the generation of adiponectin when the TRPC channels were inhibited. Although TRP channels in general have been found to be chemically activated, the constitutive nature of the adipocyte channels conferred significance to chemical inhibition. Dietary -3 fatty acids were identified as inhibitors with strong relevance to adipocyte biology, metabolic syndrome, and cardiovascular disease. The findings of the study are summarized schematically in Online Figure IX . TRPC1 and TRPC5 have multiple functions in addition to those in adipocytes, including roles in vascular and cardiac remodeling. 24, 25 Striking vascular upregulation has been observed in metabolic syndrome, with protection conferred by exercise. 26 Channel activity has been shown to be stimulated acutely by factors associated with cardiovascular disease, such as oxidized phospholipids. 18 Therefore, suppression of adiponectin by TRPC channels may be part of a general effect of the channels as drivers or facilitators of inflammatory responses such as those occurring in the metabolic syndrome.
The fatty acids identified as TRPC inhibitors included the -3 polyunsaturated fatty acids that derive primarily from the diet. Alpha-linolenic acid is found mostly in vegetable oils, including those from rapeseed and soybean. Docosahexaenoic acid and eicosapentaenoic acid are in oily fishes that consume marine microorganisms. Depending on the diet, -3 fatty acids occur at plasma concentrations of 1 to 100 mole/L, 20, 21 which would be sufficient to affect TRPC1/ TRPC5-containing channels. Large-scale trials suggest that -3 fatty acids decrease the risk of major diseases or disease-related events, including coronary heart disease, insulin resistance, myocardial infarction, atrial fibrillation, and heart failure. 22, 27 -3 fatty acid therapy shows promise for disease prevention. 22, 28 Our data suggest that -3 fatty acids elevate adiponectin substantially by acting through a mechanism that depends on TRPC1/TRPC5-containing channels. Molecular targets of -3 fatty acids are not, however, restricted to TRPC channels. They bind or indirectly affect PPAR-␥, the GPR120 receptor, voltage-dependent Na ϩ and Ca 2ϩ channels, and TRPV1 channels. 29 -31 The mechanism by which -3 fatty acids suppress TRPC channels has not been elucidated but it was not a transcriptional effect (because the effect occurred within a few minutes) and is unlikely to have occurred through GPR120 because this receptor couples via G q/11 , which stimulates TRPC channel activity. 31, 32 TRPV1 modulation by -3 fatty acids was suggested to occur via protein kinase C 33 , which inhibits TRPC5. 34 Therefore, protein kinase C is a putative transduction mechanism. More direct effects are possible, although lipid effects on TRPC5 have previously been found to be stimulatory. 35 Intriguingly, the Drosophila TRP channel is activated directly by polyunsaturated fatty acids 36 ; our data indicate that mammalian orthologues (ie, TRPC1/TRPC5) are also sensitive to such fatty acids but that C, E) . The data of (C) were from the same experiments as those of Figure 2C . C, nϭ5 for each. D and E, Cells were pretreated with T5E3 anti-transient receptor potential canonical (TRPC)5 antibody or the control of T5E3 preadsorbed to antigenic peptide (ϩpep) (nϭ4 for each group). F, Mean data for inhibition of La 3ϩ -evoked Ca 2ϩ responses by 50 mole/L lino., docosahexaenoic acid (DHA) or eicosapentaenoic acid (EPA) (nϭ3 each). G-I, Adiponectin secreted from 3T3-L1 cells (G) or adipose tissue excised from chow-fed wild-type (H) or transgenic (I) mice, showing effects of 50 mole/L lino. compared with vehicle (DMSO). Transgenic mice expressed DNT5 or were single transgenic controls. All data groups are nϭ5. the functional consequence is the opposite (ie, inhibition). Substantial sequence differences between the mammalian and Drosophila channels make it difficult to predict which residues are responsible for the reversal of polarity.
Fatty acid inhibitors of TRPC1-TRPC5 channels are predicted to oppose the adverse effects of TRPC channel activation in inflammation and cardiovascular disease. There may be additional inhibitory factors acting similarly on TRPCs, such as resveratrol, vitamin C, and gallic acid 37 (Online Figure IX) . These factors are exogenous to the body, suggesting that a general function of TRPC channels may be to enable coupling between external chemicals and the internal biology of the body. Previously studies have focused on TRP channels other than TRPCs as integrators of cells with external signals. 10 The study used 3T3-L1 cells as a foundation, but data obtained using human tissue and mouse samples and through genetic manipulation in vivo supported the 3T3-L1 findings, and studies of overexpressed TRPCs supported the conclusion that the specified channel is a target of -3 fatty acids. There was technical difficulty in measuring intracellular Ca 2ϩ in the mature adipocytes, but independent electrophysiological studies supported the data obtained with the fluo-4 Ca 2ϩ indicator.
This study identified a Ca 2ϩ -permeable cationic channel (TRPC1/5) mechanism of adipocytes. Inhibition of the mechanism raised circulating adiponectin levels and would thus be expected to confer cardiovascular protection. Constitutive activity of the channels was significant, suggesting that inhibitors are likely to be important even in the absence of an activator. Novel inhibitors of the channels were identified (ie, -3 fatty acids), adding to previously identified TRPC inhibitors that are associated with protection against major cardiovascular diseases.
